Abstract: Fast charging is an exciting topic in the field of electric and hybrid electric vehicles (EVs/HEVs). In order to achieve faster charging times, fast-charging applications involve high-current profiles which can lead to high cell temperature increase, and in some cases thermal runaways. There has been some research on the impact caused by fast-charging profiles. This research is mostly focused on the electrical, thermal and aging aspects of the cell individually, but these factors are never treated together. In this paper, the thermal progression of the lithium-ion battery under specific fast-charging profiles is investigated and modeled. The cell is a Lithium Nickel Manganese Cobalt Oxide/graphite-based cell (NMC) rated at 20 Ah, and thermal images during fast-charging have been taken at four degradation states: 100%, 90%, 85%, and 80% State-of-Health (SoH). A semi-empirical resistance aging model is developed using gathered data from extensive cycling and calendar aging tests, which is coupled to an electrothermal model. This novel combined model achieves good agreement with the measurements, with simulation results always within 2°C of the measured values. This study presents a modeling methodology that is usable to predict the potential temperature distribution for lithium-ion batteries (LiBs) during fast-charging profiles at different aging states, which would be of benefit for Battery Management Systems (BMS) in future thermal strategies.
Introduction
Global warming and the depletion of natural resources have led to increased worldwide automotive research on electric and emission-free propulsion solutions. In this context, battery technology and in particular, lithium-ion batteries (LiBs), are of interest to the electric and hybrid electric vehicle (EV/HEV) industry because of their favorable properties, including high efficiency, high power density, and low self-discharge rate [1] . They are indeed a promising reversible power source for current and future electric-powered vehicles.
Nonetheless, some significant obstacles exist with respect to the transition from the use of conventional vehicles to EVs, for example charging infrastructure [2] , recycling issues [3, 4] , total cost [5, 6] , and safety issues [7] . Another issue is the charging time. The large on-board capacity of the battery system currently results in a charging time of several hours when connected to a conventional household plug. Thus, a high priority for automotive manufacturers in terms of the marketability of EVs is to offer shorter charging times for the battery system. One can attempt to provide increased total battery capacity in order to reduce the charging frequency of the vehicle. Unfortunately, the development of a higher-capacity battery necessitates research and the integration of new cell materials, or the addition of more cells and therefore more weight, with a corresponding price increase [8] .
Battery charging controllers with fast-charging operation have also been reported in the literature [9, 10] . Notwithstanding a decreased charging time, when using LiBs with high-current rate profiles for fast-charging applications, the battery system may undergo a global temperature rise, which if not controlled can lead to possible ruptures, ignition, or even explosion of LiBs [11] [12] [13] [14] . Therefore, understanding the thermal properties and performances of LiBs under fast-charging profiles becomes critical.
Researchers have been studying the fast-charging impact caused by increasing the current rate of the charging profile [15] [16] [17] [18] . For example, Abdel-Monem et al. [19, 20] showed the changes in the voltage response of a battery triggered by two charging profiles: the constant current-constant voltage (CC-CV), and constant current with negative pulse-constant voltage (CCNP-CV) profiles. Nonetheless, the impact on thermal distribution has yet to be reported. Combined electro-thermal models have also been developed in [21] [22] [23] , usable for thermal property determination resulting from specific input current profiles. An electro-thermal model with aging dynamics was presented in [24] , with a focus on finding a compromise between charge time, aging, and balanced charge scenarios using static charge currents.
Moreover, in addition to a fast rise in the battery system temperature, the high current-rate condition of the fast-charging profile further deteriorates the LiB performance [25] [26] [27] . This presents serious difficulties for operating the battery under high current rates. Indeed, aging of LiBs, defined as the irreversible loss of their energy storage capability and power [28] , is one such challenge. It is thus important to be aware of the battery degradation behavior with respect to the functionality of the LiBs. An investigation of charging optimization strategies with respect to LiB aging was also presented in [29] .
However, in the above studies, information about battery aging behavior, especially with fast-charging profiles, is still limited. Therefore, based on the notes above, a comprehensive study on both thermal and aging aspects in high current applications is lacking. Hence, the objective of this paper is to analyze the effect of a fast-charging profile on the thermal behavior, including aging aspects. The lithium nickel manganese cobalt oxide (NMC) chemistry is investigated as it is considered to be one of the major battery cathode materials for EV applications due to its comparatively excellent energy density, long cycle life, and high safety performance [30] [31] [32] [33] [34] .
Furthermore, the second objective of this paper is to develop an electro-thermal and lifetime model, and validate using the fast-charging experimental data collected in this study. The model uses a semi-empirical approach in order to predict the thermal behavior at different aging states under high current solicitations. Such predictability will be a key issue in the development of smart thermal control strategies, as it limits the thermal runaway used in battery thermal management systems (BTMSs).
The paper is organized as follows. Section 2 explains the experimental design for parameter gathering. Section 3 describes the electro-thermal and lifetime model development. Section 4 deals with the model results and validation, and lastly conclusions are provided in Section 5.
Experimental Overview

Cell Features
In this study, the NMC-based cell was investigated. The main application of this cell is in high-energy density battery systems, and it is rated at 20 Ah. The cell is composed of an LiNi 0.33 Mn 0.33 CoO 2 positive electrode and LiC 6 (graphite) negative electrode. An overview of the main characteristic properties of the used cell is provided in Table 1 , and a picture of the NMC cell lying on a sheet of A4 paper is shown in Figure 1 . The thermal characterization and validation experiments were conducted in accordance with the test conditions presented in Table 2 . 
Experimental Test Bench
The cell has been tested with a battery cycler-the ACT 0550 (80-channel) battery tester from PEC ® . Moreover, a negative temperature coefficient (NTC) 5K thermocouple connected to the tester was placed on the cell surface, next to the positive tab in order to record the maximal thermal evolution [35, 36] . To control the ambient environment, called T test , the cell was placed hermetically in an climatic chamber. Lastly, during the fast-charging tests, infrared radiation (IR) thermal pictures were recorded with a Ti25 FLIR ® thermal camera to observe the temperature evolution at different aging states. All the cycling data was recorded by a remote computer and used for the development of the electro-thermal and lifetime model.
Thermal Characterization of the NMC Cells
The following tests were used to characterize the cell's thermal and electrical properties:
1. Discharge capacity test; 2. Hybrid pulse power capability (HPPC), based on the IEC6266-1 standard [37, 38] ; 3. Open-circuit voltage (OCV) [39, 40] .
The above tests were carried out at three temperatures to push the boundaries of the model: 10°C, 25°C, and 45°C. A fully detailed description of these tests was provided in a previous study [41] .
Cycling Aging Test Protocol
The resistance fade data came courtesy of cycling tests that were carried out in-house. A large test matrix including various combinations of cycling temperatures, depth of discharge (DoD) levels, and charge and discharge current rates was developed, and each test condition was carried out on at least two cells. An overview of this test matrix is given in Table 2 , where the numbers indicate the amount of cells subjected to each cycling condition.
The cells were cycled for 100 full equivalent cycles (FECs, one FEC is reached when the total discharged capacity reaches the nominal capacity value). After each cycling phase, a series of standard tests was performed at 25°C to assess the aging state of cell with the value of the capacity and the evolution of the internal resistance.
During each cycling phase the cell underwent a load profile as described in Table 2 to reach different aging states: 95%, 90%, and 80% state of health (SoH). The cycling profiles were designed as continuously charging and discharging, using the measured discharge capacities as the basis for the applied current rates. 
Calendar Aging Test Protocol
Over the course of the aging testing phase, calendar aging tests were also performed, in accordance with the conditions specified by the calendar aging test matrix presented in Table 3 . Every 30 days, the characterization tests described above were applied, recording the degradation results. The applied storage state of charge (storage-SoC) was applied prior to storage, and was not maintained during this period. 25  3  3  35  3  3  3  3  3  3  45 3 3
Charging Protocol
A normal fast-charge profile usually consists of a constant high applied charge current rate (CC phase), which is cut off when the cell voltage reaches the manufacturer-defined safety limit (for the NMC/C cells , this voltage is 4.15 V). After this voltage is reached, a constant voltage is applied, and the tapering current is monitored. Once this current drops below a predefined value (0.05 C usually), the cell is considered to be fully charged. In this work, an adapted fast-charging profile was used, based on the work presented in [19] . This profile is a constant current negative pulse-constant voltage (CCNP-CV) profile. This profile consists of charge current of 4 C (80 A for the 20 Ah NMC cells), during which -2C pulses are applied, followed each time by a 2-s rest time. The width of the negative (discharge) pulses has been chosen so that each negative pulse discharges the cell for 0.1 Ah of the nominal cell capacity, which prevents cell degradation during the application of the fast-charge current [19] . After the cell voltage reaches the maximum voltage, a CV-charging phase is applied, identical to the CV phase described for normal fast-charging profiles. A schematic representation of this profile is shown in Figure 2a . A flowchart describing the decision-making process is shown in Figure 2b . 
Model Development
In this study, a combined electro-thermal lifetime model is proposed. The electrical and thermal models are based on the electrical equivalent circuit (EEC) approach. They were presented in [43] and thus will not be detailed here.
Pouch-Cell Geometry
The geometry of the NMC pouch cell is represented in Figure 3 . In this model, the core is assumed to be an equivalent flat element seen as a stack of layers with the anisotropicity of the thermal conductivities [41, 44] . This implies a higher value of the conductivity in the x-and y-axes than in the z-direction. To simulate the thermal behavior, COMSOL computational fluid dynamics (CFD) software was used with heat transfer in solid physics to compute the thermal equations. Also, an extremely coarse meshing grid was created, consisting of 6059 domains, 3639 boundary elements, and 773 edge elements. 
Description of the Model
In this paper, the development of a battery model through the integration and validation of the dedicated models in a single modeling unit is proposed. This modeling unit is a combination of the optimized dedicated models capable of addressing and providing information on a wide range of NMC-based cell phenomena, including the electrical, thermal, and lifetime characteristics of cells. The model was developed in a Matlab Simulink™ environment, combined with the COMSOL Livelink™ interface. The electrical and lifetime part were computed by Matlab™ , while the thermal distribution was estimated through COMSOL equations.
Electrical Modeling
To determine the voltage behavior of the cell, an equivalent circuit model (ECM)-based Thévenin-based model was used, involving a solution of voltage sources, resistors, and capacitors. The ECM model was composed of two parallel RC branches and one ohmic resistor. This second-order electric model is able to represent the ohmic resistance R o , concentration polarization resistance R C1 , and the activation polarization resistance R C2 . The model is thus able to accurately simulate the cell voltage behavior during transient states of charging and discharging. The general equation is defined as [45] :
where: An equivalent circuit model of the second-order Thévenin model is shown in Figure 4 . All the parameters in Equation (1) were obtained with the thermal characterization tests explained in Section 2.3 and were temperature-and SoC-dependent.
Thermal Modeling
The thermal model used in this paper was described in a previous study [41] . The model solves a heat-diffusion problem, describing the thermal reactions between the cell domains and heat convection with respect to the ambient environment. The equation was derived from the modified enthalpy of the electrochemical reaction, based on the energy balance study described in [46, 47] :
where:
q g = Heat Flux (W); q ohmic = Heat generation due to the ohmic and polarization resistance ('irreversible' heat) (W).
In short, the zero-dimensional (0D) model calculates the time-dependent heat generation (2), incorporating the internal resistances and the OCV, as shown in the Equations (1) and (2) . Moreover, as the study investigated high-current profiles, the "reversible" or entropic heat was not considered in this study [43] .
Regarding the boundary limits of the model, the heat convection to the environment was determined by solving the convection equation [47] :
In this study, the cell is cooled by natural convection. Thus, h equals 5 W (m 2 ·K) −1 , as was described in [47] . More details about the thermal model assumptions may be found in [41] .
Aging Modeling
The internal resistance (R int ) aging model was developed using an empirical approach. As mentioned before, the resistance values were periodically recorded, which enabled the possibility of extrapolation of these results. Firstly however, the "pure' cycling aging was calculated. The assumption was that cells, while cycling, were still influenced by calendaring aging phenomena. Therefore, the calendar aging data was used to subtract the calendaring influence from the cycling aging test results before the cycling aging model was developed. This method was also used in our previous work on capacity fade modeling [28] , and a similar approach was used in [48] .
The resulting "pure" aging data was then extrapolated using simple polynomial equations, for which the equation order is dependent on the specific cycling condition. The used equation is generalized in Equation (4) .
x = Cycle Number/storage time; a i = Constants for x; n = Order of the x-factor of the polynomial.
An example of this extrapolation can be seen in Figure 5 . This was done for all tested conditions, both cycling and calendaring test results. From these results it is clear that the DoD level applied during cycling has a significant influence on the internal resistance degradation rate. It is also important to note that the measured internal resistance values across all cells can show a high degree of variability, and evolve with less consistency compared to the capacity fade evolution.
The impact of any complex load profile on the evolution of the internal resistance degradation could be analyzed using this methodology. The current profile itself was deconstructed into a set of simple cycling conditions using the rainflow counting method [49] . Linear interpolation was then used for the found cycling conditions, which are not present in the cycling test matrix (see Table 2 ). All results of the model were expressed in percentual values, describing the deviation from the original internal resistance measured before aging. In addition, the models do not take the history of the cell into consideration, but only consider the current operating conditions in order to calculate the internal resistance increase. The model is developed using the same methodologies as in [28] , where more details can be found. 
Results and Discussion
The results of the fast-charging study at ambient temperature are described in this section, sorted by aging state: 100%, 95%, 90%, and 80% SoH. The applied fast-charge current profile, with the voltage response measured from the NMC/C cells, is shown in Figure 6 . In this regard, it has to be noted that the thermal pictures presented in the following sub-sections show the highest temperature point during the fast-charging profile. Moreover, for validation purposes, the one-dimensional (1D) temperature graph for which the evolution of the temperature with time is compared to the simulation is also shown for all the tests. The error values shown accompanying the 1D thermal validation figures are the root-mean-square error (RMSE) values, calculated as follows (Equation (5)):
y i = Predicted values; y i = Measured values; n = Number of prediction points.
Lastly, the electrical aspect of the model was already validated in [43] , and thus will not be shown in this study. Figure 7b displays the thermal evolution at ambient temperature (25°C) for the CCNP-CV test of a fresh NMC cell (100% SoH). The spatial distribution under the fast-charging profile shows a hot region observed in the center of the cell, which is confirmed in other studies [35, 50] . Moreover, as shown in Figure 7a , the three-dimensional (3D)-thermal model evenly reproduces the spatial distribution at the same simulation point, corroborating the good behavior of the model. The results shown in Figure 7b showed the same temperature evolution between the model and experimental results when the CCNP-CV was applied. On that note, the temperature graph actually displays a gradient of almost 20°C. The reason for this extreme heat-up is that the NMC material comprising the cell tends to generate high thermal instability when applying a current. This implies that fast charging with NMC cells could be problematic if not properly controlled by a thermal management system.
Fast-Charging Results for a Fresh Cell
Fast-Charging Results for an Aged Cell
Figure 7c-h present the fast-charging test results for aged cells: 95%, 90%, and 80% SoH. Again, the NMC chemistry displays a high final temperature value of around 40°C which is actually rising as the cell ages. Since the resistance of the cell is increasing due to electrochemical phenomena such as reduced electrolyte conductivity or a plated anode [26, 32] , the corresponding heat generation is greater, Moreover, by comparing the thermal pictures at different aging states, one can see that the thermal distribution has changed. Indeed, at 100% SoH, the high temperature point is located in the center but as the cell ages, the temperature distribution is more uniform, as shown in in Figure 7g . The reason for this fact could be explained by the evolution of the thermal parameters such as the thermal conductivity with degradation. As the cell ages, the conduction of the NMC cell along the y-axis could rise, which would provoke a finer uniformity of the cell. In [51] , the authors have shown that the impact of degradation could cause changes in parameters such as the in-plane conductivity in a lithium-ion cell. This could confirm the assumption shown in Figure 7g . Nonetheless, this phenomenon has not yet been researched in literature for NMC cells, and specific tests would be required to confirm this assumption.
Additionally, notwithstanding the good agreements between the 3D-thermal images and the model output temperature, the exact thermal distribution could not be reproduced by the model due to the fact that the aging influence on the thermal parameters behavior was not considered. Dedicated equipment and testing would be needed to obtain such behavior.
Nonetheless, Figure 7d ,f,h show the 2D-temperature plot for the three aged states of the cell. The model displays with good estimation the temperature evolution at different aging states, for which less than 1°C difference is found when comparing experimental and simulation results. As a consequence, the overall good model agreement with experimental results validates the model developed in this work. Figure 9 shows the evolution of the internal resistance due to the fast-charging current profile applied to the cells. As can be noted, the internal resistance has increased to nearly double the initial value, from 3.5 mΩ to around 6 mΩ. Interestingly, as the cyclable capacity reaches 80% (which is the end-of-life condition), the internal resistance increased by nearly 100%, which is also considered as an end-of-life condition. 
Conclusions
In this paper, a novel combination of electric, thermal, and aging models is proposed. The interactions between these models are able to provide a unique insight in the thermal and electrical properties as they change due to aging. The good correspondence between the measured thermal results and the simulations, both for fresh and aged cells, is a testament to the validity of the proposed combined model. In all aging states, the output of this model correctly estimates the temperature evolution within an accuracy window of ±2°C maximum error. The model and its results can be implemented in battery management systems, firstly to monitor and secondly to control the battery system's thermal behavior, in order to optimize the total lifetime of the cells and guarantee the thermal stability and therefore the safety of the battery system. As a consequence, as future work, the pouch cell's degradation and battery thermal management strategy will be considered in the scope of fast-charging applications but with more of a focus on optimization of thermal management strategies such as active or passive cooling, or other new cooling concepts.
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